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We have constructed an ultrahigh vacuum scanning tunneling microscope~STM! for operation in
the temperature range 20–300 K. The design consists of a vibration isolated sample holder mounted
on a continuous flow cryostat. By rotation and linear motion of the cryostat, the sample can be
positioned in front of various surface preparation and analysis instruments contained in a single
vacuum chamber. A lightweight beetle-type STM head is lowered from the top onto the sample by
a linear manipulator. To minimize helium convection in the cryostat, the entire vacuum system,
including a liquid helium storage Dewar, can be tilted by a few degrees perpendicular to the cryostat
axis, which improves the operation. The performance of the instrument is demonstrated by
atomically resolved images of the Pd~111! surface and adsorbed CO molecules. ©1997 American
Institute of Physics.@S0034-6748~97!02806-2#
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I. INTRODUCTION

Ever since the invention of scanning tunnelin
microscopy1 ~STM!, it has been desirable to perform expe
ments at temperatures other than ambient, e.g., at cryog
temperatures. As atomic diffusion processes and ther
fluctuations are negligible, imaging at cryogenic tempe
tures opens up a wide new range of experiments. Interes
surface and bulk properties have been investigated, inclu
physisorption2 ~of atoms and molecules! at metastable sites
superconductivity,3 charge density waves4 and structural
phase transitions.5

The difficulty in designing a cryogenic STM is combin
ing good thermal contact to a liquid helium reservoir w
vibration isolation of the instrument. Various designs, mos
based on the use of bath cryostats,6,7 have been reported. Th
entire STM is suspended by springs and is coupled to
bath by helium exchange gas, soft copper braids or by
cooling in direct contact~prior to the experiment!. The ad-
vantage of this design is the high thermal stability, as ther
expansion coefficients drop with temperature and piezoe
tric creep is negligible below 100 K. Furthermore, the co
instrument and the chamber walls act as cryopumps
therefore provide excellent vacuum conditions. On the ot
hand, most of these instruments operate at a fixed cryog
temperature, and the cool down/warm up process take
considerable amount of time~several hours!. Therefore,
these instruments are limited to experiments that do not
volve rapid sample temperature cycling or imaging at va
able temperature. To overcome this limitation, a bath c
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ostat STM can be equipped with a sample heater.7

In this article, we describe the construction of an ultr
high vacuum~UHV! STM of another design that allow
heating and cooling of the sample only~some K/s!. The
sample is imaged with a STM that operates around amb
temperature but can also be studied by other surface ana
cal tools in situ. Cooling down to 20 K is done by a liquid
helium continous flow cryostat. To avoid transmission
cryostat vibrations, the sample is mounted on a vibrat
isolation stage and coupled to the cryostat by soft cop
braids. Bott, Michely, and Comsa8 have also independentl
developed a STM based on a similar approach. Our vibra
isolation stage employs a unique elastomer O-ring susp
sion, which takes advantage of the soft bending deforma
of the elastomers. The noise attenuation of the vibration
lation stage is demonstrated by comparing the noise le
with and without elastomer O-ring suspension. This inst
ment is capable of atomic resolution on a close-packed m
surface at temperatures down to 20 K.

II. INSTRUMENT DESIGN

A. UHV system

The entire instrument is mounted onto a rectangular s
frame that sits on four air damped legs9 for vibration isola-
tion from the building. The main components of the syste
are attached to a smaller frame that rests on an axle hel
the larger frame. This smaller frame can be tilted on this a
a few degrees from horizontal to avoid convection curre
within the cryostat; see Sec. II B. Figure 1 shows a side v
of the UHV system and its tilting axis.

The design consists of a continous flow cryos
(;100 cm long! on a differentially pumped rotary flang
attached to the main UHV chamber with a bellows. A sam
holder is mounted onto a vibration isolation stage at the

er-
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of the cryostat. Thus, by rotation and linear on-axis trans
tion of the cryostat, the sample can be positioned in fron
various surface preparation and analysis instruments
tained in a single UHV chamber. Liquid helium for operatin
the cryostat is provided by a 30 L storage Dewar10 mounted
on the inner frame. A vacuum shielded transfer line conne
the Dewar to the cryostat. The transfer line remains stat
ary when the cryostat is translated for sample positioning

Two clusters of instruments are arranged around
horizontal axis of the cryostat. The components emplo
for sample preparation include an Auger electron spect
copy ~AES! system,11 a differentially pumped ion sputte
gun,12 gas dosers and a mass spectrometer.13 Adsorbate re-
constructions on the sample surface can be investigated
rear view low energy electron diffraction~LEED! system.
The STM head is a stand-alone ‘‘beetle’’ type14,15 design. It
is mounted on an 8 in. flange and lowered onto the sam
holder by a linear ~vertical! manipulator. A rotary
feedthrough on the same flange is used to position a tung
electrode underneath the STM tip for field emission cleani
The system is pumped by a turbomolecular pump,16 an ion
getter pump17 and a titanium sublimation pump. Durin
STM operation, the turbomolecular pump is turned off
eliminate vibrational noise caused by the spinning of
rotor ~1 kHz!.

For STM experiments, the STM head is decoupled fr
the vertical manipulator and rests on the sample holder
gravity. In addition to the vibration isolation stage describ
below, vibrations transmitted from the chamber to the c
ostat are attenuated as much as possible. Three conce
Viton seals~differentially pumped! mechanically isolate the
cryostat from the bellows. Additional vibration damping
the free end of the cryostat is provided by six damping ar
connected to the chamber wall. The liquid helium trans
line mounts onto the cryostat with only two Viton rings in
quick flange connector. It is precisely aligned with the c
ostat such that the 90 cm long transfer line does not touch
inner wall of the cryostat. The alignment is checked by m

FIG. 1. Side view of the UHV STM system. The sample is cooled b
continuous flow cryostat that is mounted to a translation stage, which al
for rotation and translation of the sample. The entire system is supporte
air-damped legs and can be tilted on an axle to avoid helium convectio
the cryostat.
2480 Rev. Sci. Instrum., Vol. 68, No. 6, June 1997
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suring the electrical resistance between transfer line and
ostat.

B. Continuous flow cryostat

The continous flow cryostat is specially designed for t
application to provide sufficient cooling with a minimum
amount of helium flow vibrations; see Fig. 2. It employs tw
return paths for the helium: one within the transfer line f
cooling the radiation shield, and the other the main path
cooling the cryostat. The cryostat is constructed from sev
layers of thin-walled stainless steel tubes to reduce its th
mal conductivity. Liquid helium arrives through the cent
vacuum insulated and superinsulated tube inside the tran
line. It passes through a sintered copper filter18 that disrupts
large gas bubbles to give a smoother flow; the filter a
keeps the hole of the adjoining needle valve clean. So
helium gas returns from this point through an outer layer
the transfer line to cool a radiation shield around the cen
tube. As mentioned above, the transfer line does not to
the inner wall of the cryostat except for the quick connec
on the rotary flange side. Thus any vibration caused by
lium flowing inside thetransfer line should not affect the
STM. Furthermore, the transfer line can be kept at liqu
helium temperature while the cryostat is operated at a hig
temperature.

The liquid helium needed for cooling the cryostat pas
through a needle valve that adjusts the helium flow rate
the cryostat. It is externally controlled by moving the out
tube relative to the rest of the transfer line. As helium eva
rates in the process of cooling the sample holder, cold
returns through a second sintered filter and a helical h
exchanger~copper! until it leaves the cryostat through a
exhaust port. Both the transfer line and cryostat helium fl
rates are monitored by active flow controllers.19 The cryostat
temperature is monitored by a silicon diode20 attached to the
end of the cryostat. It is clamped between two sapph
plates to avoid overheating during electron beam heater
eration~see below!.

The space between the transfer line and the inner wa
the cryostat is a closed volume filled with helium. When t
cryostat is leveled, the difference in density of cold heliu
gas on the right and warm gas on the left causes convec
currents within this volume. To minimize these currents,
entire UHV system can be tilted by a few degrees, wh
improves the performance of the cryostat. At a flow rate
15 slm ~standard liters helium gas per minute! through the
cryostat exhaust and 5 SLM through the transfer line
haust, a cryostat temperature of 8 K can be reached when th
cryostat is leveled. Tilting the system by 2.5° results in
lower temperature of 6 K; any further tilting has no effec
The initial cooling of the entire cryostat from 300 to 20
takes;60 min and consumes 3 L of liquid helium. During
operation, the consumption is;1–1.5 L/h.

Vibration damping of the free end of the cryostat is pr
vided by six thermally insulating damping arms. They a
attached to the cryostat by two rings with spring-clamp
Vespel21 ball bearings to allow for linear motion. Vespel wa
chosen for its excellent friction properties, high thermal
sistance and tolerance of high bakeout temperatures.

s
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FIG. 2. Cut-away side and front views of the continous flow cryostat. The liquid helium transfer line is aligned within the cryostat to give a clearan
mm on each side. The arrows inside the cryostat show the helium flow. The vibration isolation sample holder stage consists of a heavy stainless
supported by O rings. The front view~on the right! shows a section through the cryostat at the right set of damping arms~one damping arm, 120° from the
other two, not shown for clarity!. By bending the O rings, the mass can move with respect to the cryostat, thus giving a resonance frequency well be
Hz.
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arms are made of Vespel and stainless steel, and are fo
back onto themselves to increase their effective length
thermal resistance. They are connected to the chamber
through silicone O rings22 clamped inside a cylinder.

C. Vibration isolation sample holder stage

The sample holder stage is an important part of the U
system as it provides cooling and heating of the sample
well as isolation from environmental and helium flow nois
Figure 2 shows cutaway side and front views of the ass
bly. Silicone elastomers22 are employed for vibration isola
tion. Elastomers exhibit viscoelastic properties23 only in a
limited temperature range that is, in general, not compat
with cryogenic applications. The vibration isolation sta
was therefore designed in such a way that the elastomer
thermally decoupled from the cryostat. Silicone rubber~con-
taining Si, O, H and C! was chosen as it possesses excell
resistance to temperature extremes of up to 370 °C an
flexible down to2114 °C.

The sample holder is mounted on a copper support p
connected to a heavy stainless steel mass of cylindrical s
(;300 g!. Two silicone O rings~30 mm diameter, 3 mm
thickness! support the mass. They are attached to the cryo
wall ~stainless steel! and are held by Vespel spokes for the
mal insulation. This geometry takes advantage of the
bending deformation of the O ring, compared to the stif
compression deformation. The resonance frequencies o
mass held by the O rings are in the range of 20–80 Hz.
Rev. Sci. Instrum., Vol. 68, No. 6, June 1997
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The thermal link between sample and cryostat is est
lished by two copper braids. Good thermal conductance
softness of the braids is ensured by annealing in vacu
~1024 mbar! with an infrared heater for 1 h at 400 °C.Each
braid is made from single 0.08 mm oxygen-free hig
conductivity ~OFHC! wires, with a length of 40 mm and a
total cross section of 1.5 mm. The braids are hard solde
~silver solder! to copper mounting blocks that are firml
screwed to the cryostat on one side and to the copper sup
plate on the other. In order to keep the solder from wett
the braid, the braid is firmly crimped with thin coppe
sleeves on each side and then soldered into the moun
block.

A thermal insulator between the mass and the cop
support plate reduces the heat load on the cryostat and k
the elastomers from getting cold. It consists of a stainl
steel ring pressed against the support plate by three g
balls and against the mass by three Vespel balls. We fo
that, during cryostat operation, the temperature of the O ri
does not drop below210 °C. The insulator also decouple
the O rings and the cryostat from the sample when the la
is being heated.

The sample is located below a 9 mmhole in the ramp
and 2 mm below the top. It is electrically isolated from th
support plate. The sample is sandwiched between a tanta
disk on top~underneath the ramp!, and an Al2O3 ring on the
copper support plate on the bottom. The ramp is clam
onto the copper support plate by four stainless steel scre
2481Scanning tunneling microscope
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The change in distance between the sample and the top o
ramp by thermal contraction during cooling is less than 0
mm. We verified this by comparing the STM head orien
tion with respect to the ramp at different temperatures w
the tip is in tunneling.

An electron bombardment heater is mounted on the c
ostat behind the vibrationally isolated sample. This arran
ment allows heating of the sample up to 1000 °C witho
mechanical contact to the 1 mm copper wires needed
operating the heater. It consists of a 0.2 mm tungsten w
filament insulated by Al2O3. The sample temperature
measured by an attached type E thermocouple~NiCr/CuNi!.
A third wire is used for biasing the sample and grounding
during electron beam heater operation. Type E therm
couples are recommended as the most useful standard
mocouple type for cryogenic temperature measuremen24

The thermocouple is referenced to liquid helium to redu
offset errors, as it has a sensitivity~Seebeck coefficient! of
only 8.5mV/°C at 20 K. The thermovoltage is amplified b
a gain 100 chopper stabilized intrumentation amplifier with
mV input offset.25

At a cryostat temperature of 6 K, a minimum samp
temperature of 20 K is reached. For STM experiments
variable temperatures, we achieve sample temperatures i
range 20–80 K by adjusting the helium flow rate in the c
ostat. Higher temperatures are accomplished by radia
from the W filament behind the sample. During STM expe
ments at cryogenic temperatures, the sample surface ca
cleaned from physisorbed contaminants~residual gas! by
flashing it to 500 K ~or higher! for a few seconds. The
sample then cools down to 20 K in;3 min.

Although in this article we present only STM exper
ments in the range 20–25 K, we have operated the ins
ment at sample temperatures up to 80 K. The sample
first cooled to 20 K, then the helium flow rate in the cryos
was reduced. Stable temperature was achieved after 30
The noise and drift performance of the instrument was co
parable to experiments at 20–25 K. Above;80 K, the very
low helium throughput and associated long time const
make temperature stabilization by flow control impractic
To achieve more robust temperature control, helium fl
cooling must be balanced by active heating. Although the
filament can be employed to radiatively heat the sam
warming of the filament support and the sample holder st
by thermal conduction from the white hot filament caus
excessive outgassing. Currently, we are working to mod
the alumina washer under the sample to incorporate a loo
Chromel wire for direct resistive heating.

D. STM

The STM is based on the ‘‘beetle’’ design inspired orig
nally by Besocke.14 It consists of the STM head and a he
cal molybdenum ramp attached to the sample holder.
head is a copper disk~2320 mm! onto which four parallel
piezoelectric tubes26 are soldered. The center tube holds t
STM tip and is used for scanning. The three outer tubes h
sapphire balls glued to the end.27 They function as legs, eac
resting on one of the three segments of the helical ra
Each ramp segment has a height of 0.5 mm and cover
2482 Rev. Sci. Instrum., Vol. 68, No. 6, June 1997
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angle of 120°. By applying appropriate voltage pulses to
electrodes of the piezoelectric legs, the STM head can
either translated~x/y direction! or rotated with respect to the
ramp. By rotating the STM head, the tip is approached
wards or retracted from the sample. This motion is genera
by sawtooth-like voltage pulses which cause the sapp
balls to stick or slip against the ramp depending on the sp
of the leg.

A linear ~vertical! manipulator holds the STM head
When not in use, the STM hangs from a horizontal 0.7 m
thick CuBe wire hooked into two asymmetric V-shap
holes cut into the opposite sides of a tube. The weight of
head pulls it to the bottom of the holes, rotating it to a sp
cific angle. At this angle, the legs are centered over the to
the ramps. As the head is lowered onto the ramp, it
couples from the manipulator when the CuBe wire is
longer touching the sides of the V-shaped holes. The S
head is connected by 11 Kapton-insulated 0.08 mm cop
wires.28 The tip wire runs inside the stainless steel manip
lator tube for electrical shielding. The temperature of t
STM head is measured by a silicon diode. Even after sitt
on the ramp for several hours of cryostat operation, the te
perature of the copper disk does not drop below220 °C.
After ;2 h, the lateral drift of the STM tip with respect t
the sample is;5–10 Å/min ~25 K!.

A Burr Brown OPA 128 operational preamplifier with
108 V feedback resistor is used as tunnel current ampli
outside the vacuum chamber. A digital signal processo29

~DSP! controls a four channel 16-bit analog to digital co
verter ~ADC!/digital to analog converter~DAC! and a 16
channel 12-bit DAC with 40 kHz sampling rate. It generat
the scan signals and provides integral feedback for cons
current STM operation. The DSP code performs an integ
tion of the tunneling current in such a way that the tipz
position is given byz(t)5G* ln(I/I0)dt, whereI and I 0 are
the actual tunnel current and the setpoint. The gainG is
typically 100–1000 nm/s. The outputs of the 12-bit and 1
bit DACs are scaled and summed to provide coarse and
control of the tip position. Apex PA88 high voltage amplifi
ers~bandwidth 40 kHz, gain 10, noise 0.1 mV peak-to-pe
with inputs connected! are used to provide6100 V for driv-
ing the piezoelectric actuators. Modified RHK STM
software30 serves as an interface to the DSP.

III. TEST RESULTS

We have tested the instrument by performing vario
noise measurements, imaging the Pd~111! single crystal sur-
face and adsorbed CO molecules. Prior to the experime
the Pd sample surface was cleaned by sputtering and an
ing to remove sulfur impurities. Sputtering was done with
keV Ar1 ions ~2 mA cm22) at 500 °C for 15 min, while the
subsequent anneal was done for 10 min at 500 °C. Car
impurities were removed by introducing 1027 mbar oxygen
at 500 °C for 1 min.

The STM tip is made from 0.25 mm polycrystallin
Pt90Rh10 or W wire. Pt90Rh10 tips are electrochemically
etched in a molten (;350 °C! solution of 20% NaCl and
80% NaNO3 by applying12.3 V dc between the tip and a P
counter electrode. W tips are electrochemically etched i
Scanning tunneling microscope



g

n

i
n
is
s

ap
tly
u
de
er
ite
i
io
nd
-
de
de
tt

t
ke

the
e
the
ani-

ing
m-
om
(
Å
–
ed

nifi-
that,
yer
the

-
on
ig-

a-
int
ion
o

he

e
f 1

rops

a
Å

yer.
KOH solution. The tip is cleaned in vacuum by positionin
the tungsten field emission electrode;1 mm underneath it
~see Sec. II A!. At an electrode potential of 1.5–2.5 kV, a
emission current of 1mA produces a sufficiently clean tip.

A. Noise performance

The noise attenuation of the vibration isolation stage
demonstrated in Fig. 3 by comparing the noise level with a
without elastomer O-ring suspension. Tunnel current no
measurements were performed during STM experiment
25 K on the clean Pd~111! surface using a W tip. The appar-
ent barrier heightf54.56 0.5 eV derived fromI -Z spec-
troscopy indicated a clean vacuum gap.31 This is important
for reliable noise measurements, as a ‘‘dirty’’ tunnel g
(f50.1–0.5 eV! reduces the noise significantly, apparen
due to mechanical contact between tip and sample. Fig
3~a! displays the noise spectrum with the sample hol
mounteddirectly on the cryostat, e.g., without elastom
O-ring suspension. It shows vibrations of the cryostat exc
by the helium flow. For comparison, the noise spectrum
Fig. 3~b! was measured with the elastomer O-ring suspens
in place. The spectrum was measured under similar co
tions as in Fig. 3~a!. Figure 3~a! clearly reveals that vibra
tions ,100 Hz are attenuated by one order of magnitu
whereas.100 Hz the attenuation is two orders of magnitu
or higher. A similar finding was already reported by Bo
et al.8

B. Atomic resolution on Pd(111)

One of the biggest challenges for a STM system is
resolve the vertical atomic corrugation on a close-pac

FIG. 3. Comparision of tunnel current noise spectra~a! without O-ring
suspension~sample holder mounted directly on the cryostat! and ~b! with
O-ring suspension~sample holder mounted on vibration isolation stag!.
Both spectra were acquired at low temperature with a helium flow rate o
slm in the cryostat and 2 slm in the transfer line,I T51 nA,Vsample5500 mV,
and feedback gain at minimum~30 nm/s!.
Rev. Sci. Instrum., Vol. 68, No. 6, June 1997
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metal surface. We used W and Pt90Rh10 tips to image the
Pd~111! surface at low temperature and characterized
tunneling gap by I -Z spectroscopy. Unexpectedly larg
atomic corrugations have often been observed by STM in
past. In many cases, this is believed to be due to a mech
cal interaction between tip and sample.32 We again observed
this phenomenon of a wide range of corrugations when us
W tips, as shown in Fig. 4. Large corrugations were acco
panied by unexpectedly small barrier heights as derived fr
the z dependence of the tunneling current. Clean W tipsf
5 4.56 0.5 eV! gave a corrugation on the order of 0.02
~peak-to-peak! @Fig. 4~a!#. Corrugations in the range of 0.2
0.5 Å were observed when the gap was ‘‘dirty’’ and show
an apparent barrier height off50.1–0.5 eV @Fig. 4~b!#.
Moreover, in these cases, the tunneling noise was sig
cantly reduced, as already mentioned above. We believe
in this case, mechanical contact—probably an oxide la
terminating the W tip—stabilizes the gap and enhances
contrast.

It is interesting that Pt90Rh10 tips show a somewhat dif
ferent behavior. With these tips, atomic resolution
Pd~111! was only observed under clean gap conditions. F
ure 5~c! shows an example of such an experiment~I -Z data
not shown!. Surprisingly, we observed large atomic corrug
tions of 0.1–0.2 Å under clean gap conditions. At this po
we are not certain if the difference in apparent corrugat
for clean W and Pt90Rh10 tips is systematic. We hope t
clarify this in the future by further experiments.

C. Adsorbate studies

Atomically resolved images of CO molecules on t
Pd~111! surface were acquired at 25 K with a Pt90Rh10 tip.

0

FIG. 4. Atomic resolved images of the Pd~111! surface acquired with a
clean and a dirty W tip. The tunnel gap is characterized byI -Z spectroscopy
data shown below the STM images.~a! In the case of the clean W tip, the
apparent atomic corrugation is 0.02 Å. Note that the tunneling current d
by about one order of magnitude for each Å~I T51 nA, Vsample580 mV,
f54.5 6 0.5 eV, 20 K!. ~b! A dirty tunneling gap is characterized by
weaker I -Z dependence. The corrugation in the STM image is 0.4
~I T51 nA,Vsample5500 mV,f 5 0.2 eV, 25 K!. A few ‘‘darker’’ atoms can
probably be assigned to carbon substituting Pd atoms in the surface la
2483Scanning tunneling microscope
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The molecules were adsorbed from the gas phase~0.06 L
dosage! at 25 K with the STM tip retracted by 2mm. Figure
5~a! shows a three-dimensional~3D! view of the molecules
and Fig. 5~b! is a top view of the same image. CO adsor
with carbon down and oxygen up,33 and the molecules ap
pear as cylinder-symmetrical features. We find two disti
shapes that we assign to different adsorption sites33 on
Pd~111!. The molecule labeled ‘‘T’’ has the shape of a 0.
Å high bump, whereas the molecule labeled ‘‘H’’ appears
a 0.15 Å-high bump with a shallow depletion around
base. Similar STM data were reported by Stroscio a
Eigler34 for CO on Pt~111!, where it adsorbed on the on to
and bridge sites. Comparison with a recent analysis of t
data35 has led us to the assumption that the molecules lab
‘‘T’’ and ‘‘H’’ are adsorbed on the on top site and fcc hollow
sites, respectively.

The underlying Pd lattice can be imaged at relativ
low gap resistance~1 MV), Fig. 5~c!. At this gap resistance
the CO molecules are moved to the side by the STM
therefore the adsorption site can not be identified direc
Note that, due to thermal drift and a possible tip chan
~caused by interaction with CO molecules!, the atomic-
resolved image of the Pd lattice in Fig. 5~c! does not show
exactly the same part of the surface as in Figs. 5~a! and 5~b!.
However, we tried to match the positions of the molecu
with the lattice of the Pd atoms. In Fig. 5~c! the positions of
‘‘H’’ and ‘‘T’’ molecules are indicated by circles and stars
respectively. A close match was found by placing t
‘‘stars’’ on top of Pd atoms and the circles at hollow site
Note that the circles indicate equivalent hollow sites with

FIG. 5. ~a! 3D and~b! top view STM images of CO molecules adsorbed
Pd~111! at 25 K. I T5100 pA,Vsample5250 mV, image size is 473 47 Å,
Pt90Rh10 tip. The molecules appear with two different heights, referred to
‘‘H’’ ~0.15 Å! and ‘‘T’’ ~0.25 Å!. The binding sites are identified as on to
~T, stars! and fcc hollow~H, circles! by matching the positions of the mol
ecules with the underlying Pd lattice in~c!, an atomic resolved image of th
Pd~111! surface recorded withI T517 nA andVsample5210 mV ~Fourier
filtered for clarity!.
2484 Rev. Sci. Instrum., Vol. 68, No. 6, June 1997
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the surface unit cell~one Pd atom on the left, two on th
right!. The unit cell contains two hollow sites~indistinguish-
able in the STM image!, the fcc hollow site and the hcp
hollow site. In the image the CO molecules occupy only o
of them, most likely the fcc hollow site.33 This experiment
shows nicely that our instrument is a powerful tool for i
vestigating low-coverage surface adsorbates with ato
resolution.
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